Net photosynthesis was measured under field conditions in 23-year-old slash pine (Pinus elliottii Engelm. var. elliottii) trees to determine how it was affected by fertilization and climate. There was only a small decrease in rates of net photosynthesis from late summer through winter demonstrating that appreciable carbon gain occurs throughout the year in slash pine. Although fertilization substantially increased leaf area and aboveground biomass, it only slightly increased the rate of net photosynthesis. Simultaneous measurements of gas exchange in fertilized and unfertilized (control) plots allowed the detection of a small, but statistically significant difference in average net photosynthesis of 0.14 µmol m −2 s −1
Introduction
The growth of many pine forests is limited by nutrient availability, and fertilizer application often leads to both increased growth rates and productivity (Nambiar 1990, Jokela and Stearns-Smith 1993) . When fertilized, pine trees develop high leaf areas that are positively correlated with growth rate and aboveground forest productivity (Miller 1984 , Linder et al. 1987 , Vose and Alan 1988 , Gholz et al. 1991 . Because fertilization increases the rate of net photosynthesis in many plant species (Evans 1989) , it might be assumed that in pines and other conifers, along with increased leaf areas, there would be an associated increase in rates of net photosynthesis of individual leaves, at least in the sunlit portion of the canopy. However, for conifers, it is not clear whether higher rates of net photosynthesis contribute to increased carbon gain after fertilization. In some conifer stands, fertilization substan-tially increased photosynthetic rates (Brix 1972 , 1983 , Sheriff et al. 1986 , Smolander and Oker-Blom 1989 , whereas in others, it had little effect (Thompson and Wheeler 1992) . Additionally, it is not clear how nutritional status modifies the response of foliage to other environmental factors. In some studies, increased nutrient concentrations in conifers increased water use efficiency (Sheriff et al. 1986) , whereas other studies found no effect (Mitchell and Hinckley 1993) . Similarly, the photosynthetic light response may (Brix 1971, Smolander and Oker-Blom 1989) , or may not (Brix and Ebell 1969) , be different after fertilization.
The purpose of this study was to characterize how fertilization and climate affect rates of net photosynthesis in slash pine (Pinus elliottii Engelm. var. elliottii) trees. At the outset of the study, little was known about how environment or soil nutrient availability affects rates of net photosynthesis in this species. It was expected that, because of the low soil nutrient availability of the site, fertilization would produce a large increase in growth. A primary objective of the study was to determine whether this growth response was related to an increase in rates of net photosynthesis.
We also determined the photosynthetic response to seasonal changes in air temperature and water availability. Because the climate of the region is mild in winter, with few frosts, we hypothesized that net photosynthesis would continue throughout the winter at appreciable rates. On the other hand, based on the photosynthetic temperature response of loblolly pine (P. taeda L.) (Drew and Ledig 1981) , a species that has an overlapping range and similar growth characteristics, we hypothesized that the high air temperatures during the summer, which are commonly over 30 °C in the afternoon, would inhibit net photosynthesis.
Water deficits were also expected to reduce net photosynthesis, particularly in summer. The water table in slash pine forests in this region can fluctuate during the year from near the surface to depths of 2 meters as a result of the sandy texture of the soils, high potential evapotranspiration rates and the pattern of rainfall (Gaston et al. 1990) . Because most fine roots of these trees are within the upper 10 cm of the soil (Gholz et al. 1986 ), a decrease in the depth of the water table below the main rooting zone was expected to produce water stress and reduce net photosynthesis.
Materials and methods

Study site
The study was established in a 60-ha stand of plantation slash pine located 20 km northeast of Gainesville, FL (29°44′ N, 82°9′30″ W). Soils of the stand were Ultic haplaquods (sandy, silicious, thermic), poorly drained, low in organic matter and available nutrients, and with a water table that fluctuated between the surface and a 2 m depth over a typical year (Gaston et al. 1990 ). Mean annual rainfall was 1342 mm (1955--1987) and the mean annual temperature was 21.7 °C (NOAA 1989) . In 1988 at the study site, the mean annual rainfall was 1125 mm and the mean annual air temperature was 19.4 °C. The stand was established in 1965 following clear-cutting. Open-pollinated (mixed genotype) seedlings were planted at a harvest density of 1190 trees ha −1 and stands were not thinned, fertilized or otherwise manipulated until this study began. The mean tree height was 15.4 m, mean stem diameter at 1.3 m was 17.3 cm, and mean stand basal area was 25.9 m 2 ha −1 at the beginning of the study (Gholz et al. 1991) . Two 50 × 50 m plots, one fertilized and one unfertilized, were used. To minimize leaching losses, fertilizer was applied every three months, beginning one year before the study and continuing throughout the study. Annual fertilization rates were 180 kg ha 
Measurements
Access to the canopies of six trees per plot was facilitated by scaffold-type towers. Net photosynthesis was estimated from diurnal measurements of carbon dioxide exchange with two portable gas analysis systems (LCA-2, Analytical Development Company, Hoddesdon, U.K.). Each system consisted of an air pump unit, a leaf cuvette (narrow leaf type) and a battery-operated infrared gas analyzer. Measurements were made approximately every three weeks from January to December 1988. All six study trees in each plot were measured each hour, with the mean representing the hourly value. From January to July, the first flush from the previous year was sampled. After that, the first flush from the current year, by then fully expanded, was measured. For all measurements, the cuvette was held horizontally. Shading from nearby foliage was intentionally minimized. Gas exchange data were calculated on a total surface area basis. Leaf area was determined from measurements of needle length and radius, knowing that the outside surface of the needle forms a segment of a cylinder, and the inner surfaces of the needle are flat and can be approximated by a rectangle. The two gas exchange systems were calibrated together and, whenever possible, used simultaneously in the fertilized and control plots. This sampling procedure allowed paired comparisons to be made of the rates of net photosynthesis of fertilized and control trees under similar environmental conditions.
Photosynthetically active radiation (PAR), air temperature and relative humidity were measured with the sensors in the leaf cuvette. Photosynthetically active radiation was measured with a photodiode, air temperature with a thermistor and relative humidity with a capacitive sensor. In addition, air temperature was measured with a shielded thermistor at canopy height in each plot. These data were averaged each hour and recorded with an Omnidata EasyLogger data logger (Logan, Utah).
Xylem pressure potentials (XPP) were measured with a pressure chamber (PMS Instruments, Corvallis, OR). Measurements were made before dawn in conjunction with hourly measurements of net photosynthesis. Water table depths were recorded continuously in both plots with a Type F recorder (Leupold & Stevens Inc., Beaverton, OR).
Statistical analyses were done with SigmaStat Ver. 1.1 (Jandel Scientific, San Rafael, CA). Tests performed were: t-tests for comparisons of mean rates of net photosynthesis and mean foliar nutrient concentrations, paired t-tests for comparisons of net photosynthesis when measurements were made simultaneously in the fertilized and control plots, and simple and multiple linear regressions with net photosynthesis as the dependent variable and environmental factors as the independent variables.
Results
Mean midday rates of net photosynthesis exceeded 1.0 µmol m −2 s −1 on all sampling dates throughout the year ( Figure 1 ). In April and May (Julian Dates 91 to 151), net photosynthesis (P n ) increased to about 2.0 µmol m −2 s −1 in the control trees. During these months, P n appeared to be elevated in the fertilized trees; however, this trend was not consistent over time, and for the year, the mean rates of P n in control (1.58 µmol m −2 s −1
) and fertilized (1.76 µmol m −2 s −1 ) foliage were not statistically different (t-test, P = 0.068, n = 18).
In February, although an appreciable amount of fertilizer was added to the plot during the previous year, only Mg and Ca were higher in the fertilized foliage than in the unfertilized foliage (Table 1 ). In the spring, the stem wood growth rate was substantially higher in the fertilized trees than in the control trees, but by August, growth had slowed (Gholz et al. 1991) . In August, foliar concentrations of four (N, P, K and Ca) of the five nutrients measured were higher in the fertilized trees than in Figure 1 . Mean midday (1000 to 1400 h) net photosynthesis for fertilized (q) and control (᭺) trees. the control trees (Table 1 ). The foliar concentration of nitrogen increased in the fertilized trees from 0.93% in February to 1.16% in August and was significantly higher than in the control trees (0.75% N).
By using only the subset of measurements made simultaneously in the two plots, it was possible to detect an effect of fertilization on the rate of Pn (Figure 2 ). In this case, paired observations were examined to determine if there was any trend in rates of Pn when environmental differences such as irradiance, air temperature and vapor pressure deficit were minimized. Overall, there were more observations of higher Pn in the fertilized plot than in the control plot (Figure 2 ). The mean difference in Pn between fertilized and control trees was only 0.14 µmol m −2 s −1 , but this difference was statistically significant (paired t-test, P = 0.001).
For the combined data set, a relationship between Pn and irradiance was evident ( Figure 3 ). Based on nonlinear regression, a rectangular hyperbola was fitted to the data to describe the response of Pn to PAR, and to estimate the mean apparent quantum yield and mean maximum rate of net photosynthesis:
where Θ is the apparent quantum yield, and P max is the maximum rate of net photosynthesis at saturating irradiance. The best fit values for the parameters in Equation 1 were: Θ = 0.0043 and P max = 2.2432 µmol m −2 s −1
. The 95% confidence intervals for the parameters were: Θ = 0.0039 to 0.0047 and P max = 2.0987 to 2.3877 µmol m −2 s −1
. The relationships were not significantly different when fertilized and control foliage were analyzed separately.
At high irradiances, Pn varied between about 1 and 3 µmol m −2 s −1
. Part of this variation was caused by differences in air temperature during the year (Figure 4) . Rates of net photosynthesis tended to increase with increasing air temperature, with the highest rates occurring at air temperatures between 25 and 35 °C. An examination of the air temperatures recorded hourly at the site indicated that in 46% of all daylight hours over the year, air temperatures were within the 25 to 35 °C range. Additionally, more than 73% of the daylight hours at high irradiance (PAR > 900 µmol m −2 s −1 ) were at air temperatures between 25 and 35 °C. There was no indication that high air temperatures, e.g., in excess of 30 °C, reduced the rate of Pn.
Water deficits did not significantly limit Pn. No statistical relationship was found between hourly xylem pressure potential measurements and Pn. During the year, (Figure 5 ), but there was no correlation between water table depth and xylem pressure potentials measured at predawn or midday. Perhaps because the water supply was adequate, we only observed a weak negative correlation between vapor pressure deficit and Pn (Figure 6 ).
Multiple regression was used to assess the relative effect of the measured environmental factors on hourly mean net photosynthesis (Pn). Based on the entire data set, the best model was Pn = −0.51 + 1.187(I) − 0.659(VPD) + 0.022(T),
where I is the mean response to irradiance (Equation 1 and Figure 3) , VPD is the vapor pressure deficit, and T is the air temperature (R 2 = 0.78). Irradiance was highly correlated with P n , and it alone explained 69% of the variation in the data. Both VPD and T were weakly related to P n , improving the fit of the model by 7 and 2%, respectively. Although numerous transformations of VPD and T were attempted, none improved the fit of the model by more than 1%, so the additional complexity they introduced into the model did not justify their use. Xylem pressure potential was not a significant variable in the model. Fertilization, introduced into the model as a dummy variable, was also not significant. The multiple regression was consistent with previous analyses of the separate environmental factors, i.e., it demonstrated that PAR was the most important factor influencing the rate of P n , that VPD was negatively correlated with P n , and that the other measured factors had little or no ) and low vapor pressure deficit (< 2.2 kPa). Differences in the number of data points for fertilized and control trees were due to a larger number of measurement dates in the control plot. effect. Seasonal differences in cumulative net photosynthesis were estimated using Equation 2 and mean hourly values of PAR, air temperature and VPD. On a relative basis, the highest seasonal net photosynthesis was in summer (0.35), followed by spring (0.26), autumn (0.20) and winter (0.19).
Discussion
Rates of net photosynthesis in slash pine changed with season, although the pattern was less pronounced than in pine species from cooler regions where net photosynthesis often falls to zero in winter (Troeng and Linder 1982, Jurik et al. 1988 ). The highest P n rates were in April, May and June, with lower rates during the remainder of the year. High P n rates may arise in the spring, because midday light intensity tends to increase as the solar azimuth decreases. High rates of net photosynthesis in the spring are also correlated with growth rate, and may be related to sink demands for carbohydrates as well as favorable environmental conditions (Maier and Teskey 1992) . Although the midday rates of net photosynthesis were lower in summer than in spring, this could not be attributed to the higher air temperatures at this time of year. There was no appreciable decrease in rates of net photosynthesis from late summer and fall (July--November) through winter (December--February), demonstrating that appreciable carbon gain occurs throughout the year in slash pine.
Slash pine appeared to have lower rates of net photosynthesis than other pine species. For example, maximum rates of net photosynthesis on a total leaf area basis were about 5.4 µmol m −2 s −1 in P. sylvestris L. (Troeng and Linder 1982) , 3.6--4.9 µmol m −2 s −1 in P. radiata D. Don (Sheriff et al. 1986, Thompson and Wheeler 1992) , 4.1 µmol m −2 s −1 in P. strobus L. (Maier and Teskey 1992 ) and 6.0 µmol m −2 s −1 in P. taeda (Fites and Teskey 1988) . Low rates of Pn in slash pine seedlings in this study were similar to those reported by Doley (1988) and van den Driessche (1972) . Although fertilization had little effect on net photosynthesis of slash pine trees, it has a large effect on growth. Gholz et al. (1991) reported that, by August, as a result of the growth of new foliage in two flushes, the fertilized plot had a leaf area index of 6.8, which was 41% higher than that of the control plot. The annual stem wood biomass increment was also higher, increasing from 4 Mg ha −1 in the control plot to 5.7 Mg ha −1 in the fertilized plot. The initial increase in growth in response to fertilization was too large to be accounted for by the small increase in net photosynthesis, and suggests that the carbohydrates needed for the initial increase in growth came from the utilization of stored carbohydrates (Cropper and Gholz 1993) . Later, the higher growth rates in the fertilized plot could be sustained by the higher leaf area. It is also possible that a shift in carbon allocation from root to shoot occurred after fertilization, as has been demonstrated in seedlings. Brix and Ebell (1969) also noted that fertilization had no effect on net photosynthesis in Pseudotsuga menziesii (Mirb.) Franco trees, even though it induced a large growth response, and concluded that the only measured factor directly associated with the increased growth of the fertilized trees was leaf area. This observation is consistent with the high correlation between leaf area and aboveground growth after fertilization in P. taeda stands (Vose and Allen 1988) . Evans (1989) compared published data from a variety of C3 species and found good agreement between rates of net photosynthesis and leaf nitrogen content. Compared with other C3 species, conifers had smaller increases in net photosynthesis per unit increase in nitrogen concentration. A positive correlation between leaf nitrogen content and net photosynthesis has been demonstrated for several trees including deciduous species (e.g., Prunus persica (L.) Batsch., DeJong et al. 1989 ; Acer saccharum Marsh., Reich et al. 1991) , broad-leaved evergreen species (e.g., Arbutus menziesii Pursh. and Umbellularia californica (Hook & Arn.) Nutt., Field et al. 1983 ; Eucalyptus globulus Labill., Sheriff and Nambiar 1991) and evergreen conifers (e.g., Pinus ponderosa Dougl., DeLucia et al. 1989 ; P. radiata, Thompson and Wheeler 1992; P. sylvestris, Smolander and Oker-Blom 1989; Pseudotsuga menziesii, Mitchell and Hinckley 1993) . However, there are exceptions to this general response. Van den Driessche (1972) reported that nitrogen fertilization decreased rates of net photosynthesis in slash pine seedlings. Sheriff et al. (1986) found that nitrogen fertilization had no effect on net photosynthesis in the foliage of P. radiata trees, even though the nitrogen concentration was significantly higher in fertilized trees than in unfertilized trees; however, the higher rates of net photosynthesis were associated with an increased phosphorus content. Similarly, Reid et al. (1983) reported that the net photosynthetic rate of P. contorta Dougl. was correlated with the concentration of phosphorus in the foliage, but not with nitrogen. Phosphorus concentrations in the foliage have also been correlated with rates of net photosynthesis in P. radiata trees (Attiwill and Cromer 1982) and seedlings (Conroy et al. 1988) . We found that, by August, the foliar concentrations of both phosphorus and nitrogen had increased as a result of fertilization (Table 1 ), but these increases had little effect on net photosynthesis.
In general, seedlings show a larger photosynthetic response to fertilization than large trees (Linder and Rook 1984) . It is only when relatively large differences in nutrient concentrations in the foliage are produced by fertilization that detectable differences in net photosynthesis can be found in older trees. For example, in 14-year-old P. radiata, a difference of 1.0% N resulted in a 20% increase in net photosynthesis (Thompson and Wheeler 1992) . However, to produce the high nitrogen content (1.9%) on the low-fertility site, large amounts of fertilizer were applied over a long period.
The small response of net photosynthesis to vapor pressure deficit (VPD) in slash pine has also be observed in loblolly pine (Bongarten and Teskey 1986) . The natural ranges of the two species overlap, and both are adapted to conditions of high humidity and plentiful soil water during the growing season. Stomatal sensitivity to increasing VPD is an obvious advantage in droughty areas and has been well documented in various pines (e.g., P. radiata, P. contorta, and P. ponderosa) (Sandford and Jarvis 1986). If slash pine had undergone drought stress during the study, it might have been possible to detect a more sensitive VPD response. Maier and Teskey (1992) found that P. strobus had no detectable VPD response until predawn xylem pressure potentials were less than −1 MPa. Similar observations have been made for other conifers including Picea sitchensis (Bong.) Carr. (Beadle et al. 1981) and P. sylvestris (Ng and Jarvis 1978) .
The high predawn xylem pressure potentials measured throughout the year and the lack of correlation between water table depth and XPP indicated that the small number of roots that extend deeply through the soil profile were sufficient to supply the trees with water (cf. Teskey et al. 1985) . However, it has been reported that under dry soil conditions, all of the root system of a loblolly pine tree is needed to maintain water uptake (Carlson et al. 1988) . Apparently, in slash pine, as long as some of the roots are in contact with the water table, the transpirational needs of the tree are met.
In summary, net photosynthetic rates of slash pine trees growing under field conditions were limited primarily by irradiance. The second most important limitation was air temperature. The highest rates of net photosynthesis occurred at air temperatures between 25 and 35 °C. Over the course of the year, in 73% of the hours when irradiance was high (> 900 µmol m −2 s −1
), air temperatures were within this range. Net photosynthesis was not constrained by air temperatures in excess of 30 °C. Similarly, water table depth and vapor pressure deficits had little effect on the rate of Pn. Finally, although the rates of Pn were low compared with other conifer species, as were the foliar concentrations of nutrients, two years of fertilization had only a slight effect on Pn. The lack of a fertilizer effect on Pn was consistent with other reports from field studies in older conifer stands. When more nutrients were made available through fertilization, slash pine trees increased carbon gain almost exclusively by expanded leaf area rather than by increased rates of net photosynthesis.
